confirmed the formation of the 1 : 1, 1 : 2 and 1 : 3 complexes for U(VI) and Am(III); the formation of the 1 : 1 and 1 : 2 complexes for Np(V) and the formation of only 1 complex for Pu(V). For each complex, the thermodynamic parameters (the Gibbs energy Δ r ( ), the molar entropy change Δ r ( ) and the molar enthalpy change Δ r ( 0 )) were fitted to the experimental data. The effect of the ionic medium was treated using the specific ion interaction theory and the thermodynamic parameters at zero ionic strength were compared to previously published data.
Introduction
The carboxylic acid anion C 2 O 4 2− occurs in significant concentration in environment. It is a natural product of the thermal degradation of complex organic matter like kerogen and humic acids [1] . It is also a common constituent in oilfield waters (5 × 10 −3 mol/L [2] , in soil so- [3] . Moreover, this ligand has been used industrially for the decontamination of nuclear facilities [4, 5] and hence is present in large amount in mixed waste sites as the Waste Isolation Pilot Plant (WIPP) [6] . Due to its strong complexation properties, the oxalate ligand is expected to alter the speciation of actinides and lanthanides in natural and industrial sites. This alteration is generally involved to explain unexpected migration and distort the long-term performance assessment of nuclear waste repositories and nuclear test sites [3, 5, 7] . To a safe management of nuclear waste, correct longterm models of radionuclide migration toward the surrounding environment are required. To achieve these goals, a complete knowledge of the parameters on which metal ion mobility depends on must be acquired. In particular, the variation of the stability constants as a function of the temperature is of importance since the temperature in nuclear waste storage tanks and waste forms in repositories, due to the radioactive decay energy, is significantly higher than the ambient temperature. However, most of the studies related to actinide or lanthanide with environmental ligands are studied at or near 25 ∘ C. Because of the lack of data at elevated temperature, the accurate assessment of all chemical species in which actinides are engaged in waste disposals is difficult to quantify. Surprisingly, only a few thermodynamic data (enthalpy and entropy) are available for Np(V) and U(VI) oxalato complexes [8] [9] [10] and none for the other actinides. On the other hand, the bibliography is more abundant for aqueous actinide oxalato complexes at
25
∘ C. A quite recent review on organic complexes involving actinides selected data for the formation of oxalato complexes [11] . Eight formation constants were selected for UO 2 [12, 13] . A classical heat transport theory was used to describe the temperature variations between the different materials that the capillary is made of (fused silica, polyimide, liquid coolant) and the solutions from the experimentally monitored parameters (voltage, current intensity, capillary length) or calculated parameters (viscosity) [14] . Medium effects were determined using the specific ion interaction theory (SIT) and the appropriate binary ion interaction coefficients. U(VI), Np(V) and Am(III) stock solutions were used after conversion into the appropriate medium. The pentavalent plutonium was prepared according to a particular procedure described elsewhere [16] . The sample was then dissolved in 1.5 mL of S1 solution and 0.2 L of pure DMF was added to the sample. The sample actinide concentrations were the same for the all actinides: 3 × 10 −9 mol L −1 .
The Bi make-up solution used for ICPMS analyses was prepared with absolute ethanol (Prolabo, Normapur), Bi standard solution (Claritas, ppt) and 60% HNO 3 (Merck, Ultrapur).The capillaries were preconditioned by rinsing (1) with deionised water, (2) ∘ C, in order to determine the entropy and the enthalpy changes of the reactions. The heat transfers between the capillary, the glass wall, and the polymer coating (polyimide) have been taken into account by a previously developed method [17] . The experimental temperature drifts above the set point from 0.7 to 0.8 ∘ C. In practice, the uncertainties associated with the temperatures are fixed to ±1 ∘ C.
As in our previous study [12] , some BGE was introduced in the capillary after the injection of the sample, thus pushing the sample in the thermostated part of the capillary at about 5 cm (Δ ) away from the inlet of the capillary. BGE and Δ BGE (the BGE injection duration and the pressure difference applied between the inlet and the outlet of the capillary to inject the BGE, respectively) were adjusted extrapolating values from Isono to the experimental temperature and ionic strength [18] . BGE = 8 s is similar whatever the temperature while Δ BGE vary: The actinide electrophoretic mobility ( ep ) was calculated (Equation 1) by subtracting the osmotic mobility ( eo ) measured with DMF to the actinide apparent mobility ( app ):
with t the capillary total length (cm), the distance between the U.V. and the negative side of the capillary (cm), the applied voltage (V), app the migration time of actinides (s) and eo the migration time of DMF (s). Note that ( −Δ ) was used instead of to take the exact distance covered by the sample before the measurements into account.
The pH of each BGE was measured before and after the separation using a "high-precision 780 pH meter" (Metrohm) and a "combined metrosensor glass electrode" named "biotrode" (Metrohm). The pH variations were less than 0.3 pH unit resulting in a negligible variation of ligand concentration during the separation. The calibration of the electrode was carried daily carried out using commercial solutions (pH 4.01 and 6.87 ITT Analytics).
Data treatement

Complex formation constants
The migration time of actinide in the capillary is influenced by the presence of the oxalate cation due to the formation of the An(C 2 O 4 ) i n−2i (aq) complexes (with An = UO 2 2+ , NpO 2 + , PuO 2 + or Am 3+ ). The apparent complex formation reaction and its complex formation constant are given by Equations (2) and (3).
Binding isotherm
For fast equilibrium reaction, rapid and permanent exchanges occur between the metal and the ligand during the separation. Therefore, the measurement requires the presence of a constant concentration of ligand into BGEs.
In practice, only a single peak is observed for which an average apparent mobility can be calculated: where refers to the mobilities of the actinide species , and refers to its corresponding molar fractions. Using the mass balance equations and the law of mass action Equation (4) can be rearranged (Equation 5):
where [Ox] is the concentration of the free ligand and
is the stability constant related to the for-
(aq) complex. The stability constants are calculated by means of a non-linear regression. Some authors assume existence of other kind of complexes for the An/oxalate system. Indeed, for significant actinide concentrations polynuclear species had been observed for U(VI) [9, 19] as well as hydrolysed complexes [11] . In this study, the existence of polynuclear species have been dismissed due to the very diluted actinide concentrations whereas hydrolysed complexes are not observed for pH inferior to 5 [9, 20] . Complexes involving actinides and protonated oxalate ligands were assumed to be stable in some published experiments [9, [21] [22] [23] [24] [25] , however their existence is still open for debate [11] . Indeed, a few authors do not observe the protonated complexes formation for Am(III) [26, 27] and Np(V) [28] in their experimental conditions (which are close to our experimental conditions). In addition, Plinio Di Bernardo et al. show that the formation of protonated U(VI)/oxalate species can be neglected even in favourable conditions of formation (acidic medium) [8] . In this paper, the stepwise stability constants will be noted K and the overall stability constants will be noted .
The concentration of the free ligand at any temperature is calculated according to the Equation (6) and data given in Table 1 .
The determination of binding isotherms requires ancillary data and ionic correction of activity coefficients. We used recommended values from OECD [11] ( Table 2 ).
Thermodynamic data
For comparison with previously published data, the conditional complex formation constant An(
The contributions of the activity coefficients ( ) of the reactants and the products of the reaction are estimated using the specific ion interaction theory to account for the nonideality of the solutions (Equation 7) [12] .
where the superscript denotes the molality scale,
( ) (in molar units) through molal-to-molar conversion factors [29] . The SIT formula applied to reaction (2) allows the calculation of the corrective term (Equation 8) [30] : 
where Δ r 0 m is the standard molar enthalpy, Δ r 0 m is the standard molar entropy, the gas constant, and the temperature.
The standard molar enthalpy and entropy allow recalculating the formation constants with best accuracy using the Van't Hoff reduced expression (Equation 10).
where 0 is the reference temperature (298.15 K).
Results
Binding isotherms at various temperatures
The The relative electrophoretic mobilities decrease with the oxalate concentration due to the steady decrease of the average charge of the complex (see an example in the Figure 1 ). This effect is attributed to the metal complexation by oxalato ligands because the chemical conditions are chosen (pH and ionic strength) to not change the viscosity during all the separations. The stability constants are determined by minimizing the function (Equation 5) by the Levenberg-Marquardt algorithm (some examples are given in the Figure 2) .
The mathematical models used to fit the experimental data do not take protonated, hydrolysed and polynuclear complexes into account in the fitting procedure (Figure 2 ). These complexes have not been considered since their stabilities under the chemical conditions used here are not proven whereas the experimental data are well fitted using only oxalate complexes in the fitting procedures.
For U(VI), a plateau is observed for the highest oxalate concentrations. This plateau corresponds to the presence of the 1 : 3 limiting complex UO 2 (C 2 O 4 ) 3 4− (aq) . The three 
and Am(C 2 O 4 ) 3 3− (aq) have been observed for Am(III). The stoichiometry found in this study is in good agreement with the literature for U(VI) [31] [32] [33] , Np(V) [34, 35] and Am(III) [24, 27] . In the case of Pu(V), previous studies assumed the existence of PuO 2 (C 2 O 4 ) − (aq) and [23, 36, 37] . However, except the Ermolaev study performed at the same ionic strength than our study [23] , the other studies are not comparable due to different medium (ammonium oxalate) and ionic strengths due to an insufficient number of data. Indeed, on the contrary of other actinides where the maximum concentration was 10 −2 M, the absence of experimental values between 10 −3 and 10 −2 M for this set of experiment do not allow to obtain a reliable constant. The complex formation constants (cf. Table 3 ) were then derived from the experimental binding isotherms at each temperature (see Supplementary Materials) and were rounded according with the uncertainty calculation rules [38] . The complexes of low or zero charge are favoured at higher temperature due to the strongly decrease of the dielectric constant of water with increasing temperature [30] . In dilute electrolyte solutions (< 1 M), the variation of the static permittivity is linear with the concentration of the electrolyte according to the equation [39] :
where s , w is the permittivity of the solution, water and is called the molar dielectric decrement. At low concentration (∼ 0.1 M), the dependence of s with temperature is mainly due to water:
Based on data provided by Marcus for NaClO 4 solution ( ClO 4 = 10, Na = 7, and = ClO 4 + Na ) and the permittivity temperature dependence w ( ) of pure water [40] , the relative variation of the dielectric constant of 0.1 M sodium perchlorate solution from 15 ∘ C to 55 ∘ C is only −17%. This variation is small and does not induce a significant effect on the stability constants.
Molar entropy change and enthalpy change determinations
The molar enthalpy change and the molar entropy change, depicted in the Table 4 have been calculated by combining the Equation (9) and the experimental results given in the Table 3 .
Complex formation constants extrapolated to infinite dilution
The molar enthalpy change and the molar entropies in standard conditions, given in the Table 5 , have been calcu- lated by extrapolating to zero ionic strength using SIT the stability constants determined by CE-ICPMS at = 0.1 M (see Table 4 ) and by using the reaction isobar equation.
It is the first time (in our knowledge) that the experimental standard enthalpy and entropy change values are determined for Np(V), Pu(V) and Am(III) oxalato complexes (Table 5) . However, the enthalpy change for oxalate U(VI) complexes can be compared with the selected data proposed by OECD [11] 
ble 7). The corresponding weighted average value 3.81 ± 0.19 kJ mol −1 becomes inconsistent with that of proposed by OECD. Such discrepancy may be due to an incorrect estimation of the temperature effect on the complexation reaction. No value is proposed for the second stepwise reaction, but it is assumed by OECD to be equal to the enthalpy of complexation for the analogous U(VI)/malonate sys- [15] . However, it is possible to compare some experimental thermodynamic data available in non standard conditions [8] [9] [10] by recalculating them to standard conditions ( Table 6 ). The different values depicted in the Table 6 show a good agreement for the first and the second complexation reactions and a reasonable agreement for the last reaction.
Other thermodynamic data regarding Np(V), Pu(V) and Am(III) cannot be compared to previously published data due to a lack of data in the literature. The pentavalent actinides (Np, and Pu) present similar values as expected between actinide at the same oxidation state [16, 41] .
The stability constants in standard conditions have been recalculated in the Table 7 from the complexation constant determined in the Table 3 . Ermolaev et al. have proposed a value in relatively good agreement with our determination despite the fact that the temperature is not mentioned in the publication [23] . For the other actinides, we performed a -test that shows no statistical discrepancy with values recommended by OECD (see Table 7 ).
Discussion
In order to obtain some information about binding modes and bypass the contribution of dehydration of the oxalate ligand to the thermodynamic parameters (for second and third actinide complexation constants) [42] , the thermodynamic data of stepwise reactions (Gibbs energy, enthalpy and entropy) are recalculated from the previously overall data gathered in the Tables 5 and 7 . The results are given in the Table 8 . , in accordance with the actinide charge density [35] . This phenomenon had yet been observed when the complex strength stems from the gain of order [8] . For a given ligand, the Δ r 0 An(C 2 O 4 ) i n−2i (aq) values tend to increase as the effective charge of the actinide ion increases, as expected for electrostatic bonding [43] . In this study, for each complexation (except the first one), the expected following entropic reaction order is observed: Δ r .
The high entropic values obtained for U(VI) and Am(III) are in agreement with an expected bidendate coordination mode for the 1 : 1 and 1 : 2 complexes [44, 45] . The decreasing entropic term is observed for the successive stepwise reactions probably due to steric reason [46] . The increasing hindrance increases the disorder due to dehydration of the complex by oxalate ligand. In the literature, the question of the binding modes of oxalate in UO 2 (C 2 O 4 ) 3 4− in solution is still open for debate. Although some results give a small third stepwise constant [9, 47] , some results combining EXAFS experiments and quantum mechanical calculations suggest a monodendate complexation of for the third oxalate ligand [48, 49] . We find a relative high value of the Gibb energy for the third stepwise reaction (in conjunction with weak enthalpy and positive entropy values) which could suggest a bidendate complexation mode. However, this assumption needs new molecular dynamics calculations based on our values. They were found to be consistent with other determinations. These values present a significant scientific interest by bringing new thermodynamic data and by completing the geochemical models of actinide migration in environment for the safe management of nuclear waste.
Conclusion
